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 i g  h  l  i  g  h  t  s
Tributyltin  (TBT)  reduces  vasoconstrictor  response  in  aortic  rings  of  female  rats.
TBT  decreases  smooth  muscle  actin  protein  expression  in aortic  rings  of  female  rats.
TBT  induces  an  endothelial  dysfunction  in aortic  rings  of  female  rats.
Collagen  deposition  along  aortic  wall  after  15  days  of  TBT  exposure  in  female  rats.
TBT  changes  vascular  reactivity  dependent  on  NO,  K+ channels  and  oxidative  stress.
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a  b  s  t  r  a  c  t
Organotin  compounds  such  as  tributyltin  (TBT)  are used  as  antifouling  paints  by  shipping  companies.  TBT
inhibits  the aromatase  responsible  for the  transformation  of testosterone  into  estrogen.  Our  hypothesis  is
that TBT modulates  the  vascular  reactivity  of female  rats.  Female  Wistar  rats  were  treated  daily  (Control;
CONT) or  TBT  (100 ng/kg)  for 15  days.  Rings  from  thoracic  aortas  were  incubated  with  phenylephrine
(PHE, 10−10−10−4 M) in the  presence  and  absence  of endothelium,  and  in  the presence  of  NG-Nitro-l-
Arginine  Methyl  Ester  (l-NAME),  tetraethylammonium  (TEA)  and  apocynin.  TBT  decreased  plasma  levels
of estrogen  and  the  vascular  response  to PHE.  In the  TBT  group,  the vascular  reactivity  was  increased  in thestrogen
ascular reactivity
HE
orta rings.
absence  of  endothelium,  l-NAME  and  TEA.  The  decrease  in  PHE  reactivity  during  incubation  with  apocynin
was  more  evident  in  the  TBT  group.  The  sensitivity  to acetylcholine  (ACh)  and  sodium  nitroprusside  (SNP)
was reduced  in  the TBT group.  TBT  increased  collagen,  reduced  1-smooth  muscle  actin.  Female  rats
treated  with  TBT  for 15  days showed  morphology  alteration  of the  aorta and  decreased  their  vascular
reactivity,  probably  due  to mechanisms  dependent  on  nitric oxide  (NO)  bioavailability,  K+ channels  and
an  increase  in  oxidative  stress.Abbreviations: l-NAME, NG-Nitro-l-Arginine Methyl Ester; TBT, tributyltin; PHE,
henylephrine; ACh, acetylcholine; SNP, sodium nitroprusside; CONT, Control; NO,
itric oxide; TEA, tetraethylammonium; SR, sarcoplasmic reticulum; OTCs, Organ-
tin compounds; ROS, reactive oxygen species; VSMC, vascular smooth muscle cells;
OX-2, cyclooxygenase -2.
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1. Introduction
Organotin compounds (OTCs) such as tributyltin (TBT) and
triphenyltin (TPT) have been widely used as biocides, agricultural
fungicides, wood preservatives, and disinfecting agents in circulat-
ing industrial cooling waters, as well as in antifouling paints for
marine vessels (Piver, 1973). The toxicity level of OTCs may  be
related to the concentration, exposure time, bioavailability, and
sensitivity of the biota, as well as the persistence of OTCs in the
environment (de Carvalho Oliveira and Santelli, 2010).
An increase in the toxicity of organotin compounds can be
related to their insolubility in water, and their high lipophilicity
is the main parameter leading to bioaccumulation in food webs
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Fent, 2004). OTCs, especially triorganotins, induce an endocrine
yndrome in some species of gastropods, known as imposex. This
yndrome is characterized by the superimposition of male genitalia
n females, which alters their reproductive function (Smith, 1981).
he mechanism of action remains unclear, but appears to be related
o the direct inhibition of the aromatase enzyme of cytochrome
450 that converts testosterone to estradiol (Snyder et al., 1999).
n female rats, TBT has been shown to modulate estradiol, alters
he estrous cycle, impedes the development of ovarian follicles,
nduces an imbalance of ovarian hormones and reduces the number
f gonocytes and germ cells, thereby affecting sexual development
Grote et al., 2004). Its effects on other functions are not well under-
tood. Furthermore, TPT decreases aromatase activity in ovary cells
Nakanishi et al., 2002).
Estrogen is a steroid hormone involved mainly in the control
f female reproductive functions. Among other effects, estrogen
an be cardioprotective, causing endothelium-dependent and-
ndependent vasodilation of coronary arteries isolated (Crews and
halil, 1999). Estrogen treatment also increases aortic stiffness and
otentiates endothelial vasodilator function in the hindquarters
Tostes et al., 2003).
According to in vitro results, both the sarcoplasmic reticulum
SR) Ca2+ ATPase and Ca2+ uptake were inhibited signiﬁcantly in
ats treated with these stannous compounds, indicating a trans-
ort inhibition of cardiac SR Ca2+ (Kodavanti et al., 1991). Based
n the knowledge that estradiol can modulate the cardiovascu-
ar system through both endothelium-dependent and independent
asodilation, our hypothesis was that TBT can increase the vascular
eactivity of isolated aortic rings of female rats.
. Materials and methods
.1. Chemicals
The following materials were used for the experiments: l- phenylephrine
ydrochloride (PHE), ACh chloride (ACh), NG-Nitro-l-Arginine Methyl Ester
ydrochloride (l-NAME), tetraethylammonium (TEA) (Sigma Chemical Co., St. Louis,
issouri, USA), tributyltin chloride (TBT, 96% Sigma, St. Louis, Mo., USA), sodium
henobarbital (Fontoveter, Brazil), and sodium nitroprusside (SNP) (Merck & Co.,
nc., Rahway, NY, USA). These chemicals were dissolved in distilled water, except
BT, which was dissolved in 0.4% ethanol. Salts and reagents used were of analytical
rade.
.2. Experimental animals
Female Wistar rats (12 weeks old), were kept under controlled temperature
etween 23–25 ◦C with 12:12 h light/dark cycle. Rat chow and ﬁltered tap water
ere provided at libitum. All protocols were approved by the Local Ethics Committee
f  Animals (CEUA-UFES 020/2009). The rats were divided into two groups: Control
CONT, n = 8) were treated daily with vehicle (ethanol 0.4%), and TBT-treated rats
ere treated with TBT (TBT, 100 ng kg−1 day−1 diluted in 0.4% ethanol vehicle, n = 8)
y  gavage for 15 days. All the animals were anesthetized with sodium phenobarbital
35 mg/kg, ip) before the surgical procedures.
.3. Hormonal measurement
Immediately prior to removing the thoracic aorta, blood samples were collected
ia puncture of the abdominal aorta to measure the circulating levels of sex hor-
ones. The blood samples were immediately centrifuged at 825 × g at 4 ◦C for 10 min
o  obtain plasma, which was  stored at −20 ◦C for future measurements of proges-
erone and estradiol by radioimmunoassay (Diagnostic Products Corporation, Los
ngeles, CA, USA).
.4. Tissue preparation
Animals were perfused with sterile saline containing heparin (10 U/mL) via the
eft  cardiac ventricle followed by infusion with PBS-formalin. The aorta was removed
nd manually dissected into rings (3–4 mm,  n = 5 per group), ﬁxed in PBS-formalin,
H 7.4, for 24–48 h at room temperature. After ﬁxation, tissues were dehydrated
n  graded ethanol, cleared in xylol, and embedded in parafﬁn at 60 ◦C and further
ectioned into 5 m slices. Sections were stained with H&E to visualize the aortic
ascular tunics (Barreira et al., 2009). Processing and microscopic analysis were
erformed at the LUCCAR Lab, Federal University of Espírito Santo, Brazil.Letters 225 (2014) 378–385 379
2.5. Histomorphometry
Histomorphometry image analysis system was composed of a digital camera
(Axio-Cam ERc 5S) coupled to a light microscope (Olympus AX70; Olympus, Center
Valley, PA). High resolution images (2048 × 1536 pixels buffer) were captured with
Carl Zeiss AxioVision Rel. 4.8. Photomicrographs were obtained using a 10× objec-
tive, and the thickness of aortic wall (which included all vascular tunicas/ﬁeld) and
the aortic wall area were calculated with the area measure tool of AxioVision Rel.
4.8.  The results represent the thickness and the area of aortic wall and are expressed
as  the mean ±SEM.
2.6. Collagen density surfaces
Mallory trichrome stained sections were used to obtain 15 photomicrographs
from aortic tissue with a 20× objective lens. The areas were randomly chosen, and
areas without all vascular tunicas were carefully avoided. The random ﬁelds from
each well are photographed under phase contrast and analyzed in Image J. The
images were converted into high-contrast back and white images to visualize col-
lagen ﬁbers stained. The results represent the percentage of collagen in the total
aortic wall surface and it is expressed as the mean ±SEM, as described by dos Santos
et  al. (2012).
2.7. Protein extraction and immunoblotting
The animals were sacriﬁced and the aortas were removed and manu-
ally dissected into rings (3–4 mm,  n = 5 per group) as described previously by
Fiorim et al. (2011). The tissues were homogenized in lysis buffer (250 mmol/L
sucrose, 1 mmol/L EDTA, 20 mmol/L imidazole, pH 7.2, and the following pro-
tease inhibitors: 1 mmol/L 4-(2-aminoethyl)-benzenesulfonyl ﬂuoride, 1 mmol/L
benzamide, 10 mg/L leupeptin, 1 mg/L pepstatin A, 1 mg/L aprotinin, and 1 mg/L chy-
mostatin). Homogenization was carried out at 0 ◦C using a Potter homogenizer. The
homogenate was  centrifuged at 1000 × g for 10 min. The supernatant was saved, the
pellet was  suspended in three volumes of lysis buffer, and the centrifugation was
repeated. Both supernatants were mixed and centrifuged at 10,000 × g for 20 min.
The supernatant was saved and the pellet was discarded. The protein concentration
was determined using the Lowry assay (1951). Proteins were solubilized by heating
at  100 ◦C for 1 min  in sample buffer (62.5 mM Tris–HCl, pH 6.8, 2% sodium dodecyl
sulfate (SDS), 5% glycerol, 0.01% bromophenol blue, and 1.7% -mercaptoethanol).
Standard SDS-polyacrylamide gel electrophoresis (PAGE) was carried out by load-
ing  equal quantities of protein per lane (20 g) on to 10% SDS-polyacrylamide gel.
Proteins were transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA) in
Tris–glycine transfer buffer. The membranes were blocked with 5% (bovine serum)
albumin (BSA, Sigma–Aldrich) in a Tris-buffered saline 0.05% Tween 20 solution
(TBS-T) for 1 h at 4 ◦C, washed once for 10 min in TBS-T and then incubated with
a  mouse monoclonal antibody raised against the C-terminal domain of 1-smooth
muscle actin (-SMA, diluted 1:500 in 3% BSA in TBS-T overnight at 4 ◦C) (Santa Cruz
Biotechnology, INC) or a rabbit polyclonal antibody raised against a peptide map-
ping region near the C-terminus of rat -Actin (-Actin, diluted 1:1000 in 3% BSA in
TBS-T overnight at 4 ◦C) (Santa Cruz Biotechnology, INC). After incubation with the
primary antibody, the membranes were washed three times with TBS-T for 10 min
each wash. The -SMA protein was detected using a secondary anti-rabbit IgG alka-
line phosphatase conjugate (diluted 1:1000 in 3% BSA in TBS-T for 1 h at 4 ◦C) (Sigma
Immuno-Chemicals), whereas the -actin antibody was detected using an anti-
mouse IgG alkaline phosphatase conjugate (diluted 1:4000 in 3% BSA in TBS-T for 1 h
at  4 ◦C) (from Sigma Immuno Chemicals). The blots for -SMA and their respective
-actin (used as internal control) were visualized by a color development reaction
using nitroblue tetrazolium chloride (NBT) and 50 mg/mL of 5-bromo-4-chloro-3-
indolylphosphate p-toluidine salt (BCIP) (all from Life Technologies, Rockville, MD)
for 5 min. The -SMA and -actin bands were analyzed by densitometry using Image
J  software. Relative expression was normalized by dividing the -SMA value by the
corresponding internal control values (-actin).
2.8. Superoxide anion detection
To detect O2− level in the thoracic aorta, cryosections (8 m)  of aorta in Tissue-
Tek optimized cutting temperature (OCT) were allowed to thaw and incubated with
O2− sensitive ﬂuorescent dyedihydroethidium (DHE) (2 M) at 37 ◦C for 30 min  in
the dark. The images were obtained by confocal ﬂuorescent microscope (Leica DM
2500). Fluorescence was detected at 585 nm. The signal intensity within the media
layer was  analyzed in the whole circumference of 3 sections the vessel by a blinded
researcher.
2.9. Tissue bath studies
All the animals were anesthetized with sodium phenobarbital (35 mg/kg, ip) and
killed by exsanguination. A section of the thoracic aorta was removed and placed
in  oxygenated Krebs-Henseilet bicarbonate buffer of the following composition:
131 mM NaCl, 4.7 mM KCl, 18 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 11 mM glucose, and 0.01 mM EDTA. The buffer was kept at 36.5 ◦C and was
gassed with 95% O2 and 5% CO2 to maintain the pH at 7.4. The aorta was cleaned
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f fat and connective tissue and cut into 4–5 mm-long rings. Four to ﬁve rings were
btained from each aorta. Rings were mounted between parallel wires in tissue
aths (5 mL volume). Rings were stretched to an optimal resting tension of 1 g. The
esting tension was  maintained at this value and no changes were observed after
ncubation with the drugs. The isometric tension was recorded using an isometric
orce displacement transducer (GRASS FT03, RI, USA) connected to a data acquisition
ystem (MP100 Biopac Systems, Inc., USA) (Marín et al., 1988).
.10. Experimental protocols
The aorta was  divided into rings of 3 to 4 mm that were free of connective tis-
ues. Two metal rods were passed through the lumen of the rings, and one was  ﬁxed
o the wall of the chamber and the other connected vertically to the isometric force
ransducer. After 30–45 min  of equilibration, each aortic ring was  exposed twice to
5  mM potassium chloride (KCl) to determine its maximum contractility. Each ring
as  washed three times sequentially, re-equilibrated and allowed to relax to base-
ine. Thirty minutes later, the rings were contracted with 0.1 M PHE, and 10 M
Ch was  added to assess the integrity of the endothelium. A relaxation of 90% or
ore indicated the functional integrity of the endothelium. Each ring was washed
equentially, re-equilibrated and allowed to relax to baseline. After 30 min, cumu-
ative concentration-response curves were generated for PHE (0.1 nM to 300 M).
n  other experiments, the PHE concentration-response curve was  constructed in
ndothelium-denuded rings. The endothelium was  removed by gently rubbing the
ntimal surface with a stainless steel rod. The effectiveness of endothelium removal
as  conﬁrmed by the absence of the relaxation induced by 10 M ACh in aortas
re-contracted with PHE within each group. The same PHE concentration-response
urve was performed in the presence of solution containing 100 M l-NAME (nitric
xide synthase (NOS) blocker), 2 mM TEA (K+ channel blocker) or 0.3 mM apoc-
nin (nicotinamide adenine dinucleotide phosphate reduced (NADPH) inhibitor).
he  smooth muscle and endothelium viability was tested using SNP (0.01 nM to
.3 M)  and ACh (0.1 nM to 300 M).
.11. Statistical analysis
The contractile responses are reported as a percentage of the maximum
esponse to 75 mM KCl. The relaxation responses to ACh and SNP are reported
s  the percentage of relaxation of the maximum contractile response. For each
oncentration-response curve, the maximum effect (Emax) and the concentration
f  agonist that produced 50% of the maximal response (log EC50) were calculated
sing non-linear regression analysis (GraphPad Prism Software, USA). The efﬁciency
f  the agonists is reported as pD2 (-log EC50).
The data are reported as the mean ±SEM. Comparisons between groups were
erformed using Student’s t test (unpaired) and p ≤ 0.05 was  considered to be
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ig. 1. (A) Concentration-response curves to PHE in isolated aortic rings from CONT (n
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signiﬁcant. To compare the effects of l-NAME, TEA and apocynin on contractile
responses to PHE, the results were reported as differences in the area under the
concentration-response curve (dAUC) to PHE in CONT and in experimental sit-
uations. dAUC was  calculated from the individual curve plots (GraphPad Prism
Software), and the difference was  reported as a percentage of the dAUC of the
corresponding CONT situation.
Histomorphometric analyses were reported as mean ±SEM. The data were
tested for normality using Kolmogorov Smirnoff tests. Comparisons between groups
were performed using Student’s t-test (unpaired). The results were considered sta-
tistically signiﬁcant at p < 0.05.
3. Results
3.1. Effects of tributyltin treatment on vasoconstrictor and
relaxation response
Tributyltin treatment for 15 days did not affect the con-
tractility response to KCl 75 mM.  However, the contractility
responses induced by PHE in the rat aorta (Fig. 1A) were
reduced in the TBT group (Emax for CONT, n = 8 = 143.4 ± 6.099
vs. TBT, n = 9 = 119.1 ± 8.501, *p < 0.05). The ACh-induced
relaxation (Fig. 1B) was reduced in the TBT group (pD2:
CONT = −6.071 ± 0.01, n = 10 vs. TBT = −5.629 ± 0.022, n = 10;
Emax: CONT= −105.3 ± 0.1533 n = 10 vs. TBT = −99.17 ± 1.099
n = 10, p < 0.05). The Emax SNP-induced relaxation was  unchanged
in the TBT group compared to the CONT group, but the log
EC50 was greater in the TBT-treated group (Fig. 1C) (pD2: CONT=
−7.767 ± 0.009, n = 7 vs. TBT= −7.433 ± 0.1450* n = 6; Emax: CONT=
−100.0 ± 0.001, n = 7 vs. TBT= −99.15 ± 0.408, n = 6, *p < 0.05 vs.
CONT).
3.2. Investigation of endothelial participationIn the experiments performed without endothelium (Fig. 2A–C)
and in the presence of NOS inhibitor l-NAME 100 M (Fig. 2D–F)
the concentration-response curves were shifted to the left
in response to PHE treatment in aortic segments from both
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Fig. 2. (A) The effect of the endothelium removal (E−) on the concentration-response curve PHE in aortic rings from CONT (n = 8) and (B) TBT-treated (n = 8) female Wistar
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after TBT-exposure. This was demonstrated in TBT-treated ani-
mals, where both the thickness and area of the aortic wall
(Fig. 4A–C) were decreased compared with controls (CONT:
0.46 ± 0.06 vs. TBT: 0.19 ± 0.04 m;  CONT: 361.3 ± 27.8 v.s TBT:
Table 1
Summary data of the changes in plasma concentration of female sexual hormones,
food intake, body and heart weight in CONT and TBT-treated (100 ng/kg) female
Wistar rats. Values are reported as the mean ± SEM. Unpaired t test. *p < 0.05,
17-estradiol (E2) and progesterone (P4). Body weight (b.w.). Ratio of right or left
ventricle weight (including the septum) and body weight (RVW/BW or LVW/BW,
respectively).
Groups CONT TBT
E2, pg/ml 47.2 ± 7.0 32.3 ± 4.3*
Testosterone 4.8 ± 0.8 4.3 ± 0.2
P4,  ng/ml 4.0 ± 0.7 7.0 ± 1.2*
Food intake, g/day 15.3 ± 1.1 16.8 ± 1.3ats.  (C) A comparison of the percentage difference of the area under the curve. (D
ortic  ring from CONT (n = 8) and (E) TBT-treated (n = 8) rats. (F) A comparison of th
 test. *p < 0.05.
roups. This response was not statistically different between
BT and CONT group (Emax CONT, n = 10 = 152.6 ± 8.273 vs. TBT,
 = 7 = 194.7 ± 17.98 of contraction of KCl, p < 0.1670). Vascular
eactivity increased in all groups incubated with the NOS inhibitor
-NAME 100 M.  However, the magnitude of the l-NAME response
as greater in the TBT group (Emax: CONT, n = 9 = 139.9 ± 12.15 vs.
BT, n = 9 = 150.9 ± 6.853 of KCl contraction, p < 0.05).
.3. K+ channels participation and the effect of antioxidant on the
ction of tributyltin in the contractile response to PHE in isolated
ortic rings of rats
The vasoconstrictor response induced by PHE was potentiated
n both groups in the presence of TEA (2 mM),  a K+ channel blocker
Fig. 3A–C). However, the dAUC was greater in preparations from
ributyltin-treated animals than in the untreated group (dAUC
ONT: n = 7 = 27. 35 ± 6.25 vs. TBT: n = 7 = 72.9 ± 14.1 of KCl con-
raction, p < 0.05). To investigate the role of superoxide anions
enerated by NADPH oxidase activity on vascular reactivity to
HE in TBT-treated rats, the NADPH oxidase inhibitor, apocynin
0.3 mM)  was used. Incubation with apocynin reduced reactivity
o PHE in the TBT groups (Fig. 3D–F). These results suggest an
ncreased release of superoxide anions generated by NADPH oxi-
ase in the TBT group (dAUC: CONT: n = 7 = −52.7 ± 5.2 vs. TBT:
 = 7 = −68.1 ± 4.5 of KCl contraction, p < 0.05).
.4. Plasma levels of hormones; heart weights; and histological
nalysisThe rats treated with TBT displayed a signiﬁcant decrease
n serum 17-estradiol levels compared with CONT rats (TBT:
2.3 ± 4.3 pg/ml vs. CONT: 47.2 ± 7 pg/ml, p < 0.05). In addition,effect of a NOS blocker (l-NAME) on the concentration–response curve PHE in rat
ent difference area under the curve. Symbols represent the mean ± SEM. Unpaired
serum progesterone levels were increased in the TBT group
compared with the CONT group (TBT: 7.0 ± 1.2 ng/ml vs. CONT:
4.0 ± 0.7 ng/ml, p < 0.05). The serum testosterone levels (Table 1)
and body weight (data not shown) did not change after TBT.
However, the TBT group exhibited an elevation in the LVW/BW
ratio (CONT: 0.020 ± 0.01 vs. TBT: 0.026 ± 0.07 mg/g b.w, p < 0.05),
but not in the RVW/BW ratio (CONT: 0.055 ± 0.004 vs. TBT:
0.066 ± 0.004 mg/g b.w).
3.5. Histology analysis
The aortic rings exhibited signs of vascular atrophy 15 daysInicial, b.w., g 226.8 ± 5.4 225.3 ± 3.7
Final, b.w., g 236.3 ± 6.5 224.3 ± 4.1
RVW/BW, mg/g b.w 0.055 ± 0.004 0.066 ± 0.004
LVW/BW, mg/g b.w. 0.020 ± 0.01 0.026 ± 0.07*
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Fig. 3. (A) The effect of K+ channel blocking via TEA on the concentration-response curve to PHE in aortic rings from CONT (n = 8) and (B) TBT-treated (n = 8) female Wistar rats.
(C)  A comparison of the percentage difference of area under the curve. (D) The effect of inhibiting the production of free radicals by apocynin on the concentration-response
curve  PHE in rat aortic rings from CONT (n = 8), and (E) TBT-treated (n = 8) rats. (F) A comparison the percentage difference of area under the curve. Symbols represent the
mean  ± SEM. Unpaired t test. * p < 0.05.
Fig. 4. Photomicrography of HE-stained aortic rings sections from CONT and TBT-treated (100 ng/kg) female Wistar rats treated for 15 days. (A) Aortic rings section from
CONT  rats showing normal morphology. (B) Aortic ring section form TBT-treated rats showing signs of vascular atrophy. (C) Graphic representation (means ± SEM) of the aorta
wall  thickness in both experimental groups. *p < 0.05 vs. CONT. Bar = 20 m.  Evaluation of collagen surface density of aortic rings between elastic membranes was carried out
staining with Mallory trichrome. (D) Representative image CONT aortic ring. (E) Representative image of TBT-treated aortic ring. (F) Graphic representation (means ± SEM)
of  collagen surface density with an increase in aortic wall surface area from the TBT-treated group. *p < 0.05 vs. CONT. Bar = 20 m.
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eig. 5. In situ detection of superoxide anion. Fluorescence micrographs of aortic rin
nd  TBT-treated for 15 days (100 ng/kg) female Wistar rats. Images were acquired a
41.8 ± 11.2 m2 × 103, p < 0.01, n = 5, respectively). Collagen depo-
ition was signiﬁcantly higher in the TBT group (between elastic
embranes), as demonstrated by Mallory trichrome stainingFig. 4D–F) compared with the control (CONT: 17.2 ± 1.0 vs. TBT:
4.8 ± 0.9%, n = 5, p < 0.05), indicating that TBT impairs the morphol-
gy of aortic vascular tissue.
ig. 6. Immunoblotting analysis for -SMA protein expression in aortic rings from
ONT and TBT-treated for 15 days (100 ng/kg) female Wistar rats. The results are
xpressed as the means ± SEM. **p < 0.05.ined with the O2 sensitive dye DHE (red ﬂuorescence) were obtained from CONT
tical settings. *p < 0.01.
3.6. Superoxide anion detection
The O2− level in the thoracic aorta was detected using cryosec-
tions of aorta with O2− sensitive ﬂuorescent dyedihydroethidium
(DHE). The images obtained by confocal ﬂuorescent microscope
were represented in the Fig. 5. The signal intensity within the media
layer was  higher in the TBT group than in the CONT, p < 0.01.
3.7. Immunoblotting analysis
The -SMA protein expression was  assessed in the aorta after
TBT-exposure. In aortic rings, the expression of -SMA protein of
TBT rats was  lower (0.67 ± 0.06, n = 5, p < 0.05) compared to controls
(1.00 ± 0.03, n = 5, p < 0.05, Figure < 0.05, Fig. 6).
4. Discussion
The results presented here show that low doses of TBT decreased
the vascular reactivity of female rats aortic rings to PHE by a mech-
anism involving an imbalance in the effects of some endothelial
factors such as nitric oxide-NO, K+ channels and reactive oxygen
species-ROS, the impairment of vascular smooth muscle relaxation
to SNP and altered aortic ring morphology.
Usually, maximum toxicological activity is provided by triorgan-
otins, such as TBT. If the inorganic radical linked to the tin atom
is itself a toxic compound, the biological activity of OTCs can
be increased (Snoeij et al., 1987). For TBT, Penninks (1993) pro-
posed a tolerable daily intake (TDI) level for humans of 0.25 g/kg
body weight based on immunotoxicity studies. This value was
adopted by the World Health Organization (WHO), and a slightly
higher value of 0.3 g/kg body weight was  proposed by the U.S.
Environmental Protection Agency (U. S. EPA, 1997). Investiga-
tions demonstrated that rats’ exposure to triorganotins result in
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istribution in brain, liver, kidneys, heart, blood and it can cross
he placenta and accumulate in fetal tissues (Cook et al., 1984).
Toxicity of OTCs to vertebrate species has been a cause for con-
ern as well. Studies in rodents have shown that TBT and TPT are
bsorbed in the gastro-intestinal tract and the levels of TPT and its
etabolites in the liver and kidneys are higher than levels in the
lood and other tissues. OTCs persist as prevalent contaminants
n dietary sources, such as ﬁsh and shellﬁsh, and through pesti-
ide use on high-value food crops (Ohhira et al., 1999). Additional
uman exposure to OTCs may  occur through their use as antifungal
gents in wood treatments, industrial water systems, and textiles
Iguchi et al., 2007).
The role of TBT in the regulation of vascular tone remains
ncompletely understood. Solomon and Krishnamurty (1992),
emonstrated that TBT did not interfere with norepinephrine-
nduced contraction or SNP-induced vasorelaxation in aortic
essels. Yoshizuka et al. (1992) have described damage to the
ndothelial cells resulting in subendothelial edema. TBT also
roduced a dose-dependent inhibition of atrial natriuretic peptide-
nduced vasorelaxation (Solomon and Krishnamurty, 1992). In the
resent study, we observed a reduction in the reactivity to PHE in
ortic rings after 15 days of TBT exposure and changes in morpho-
ogic aspects of aortic rings. To investigate NO modulation, the NOS
nhibitor, l-NAME, was used. We  observed that l-NAME increased
he sensibility and did not change the maximum response on the
ONT group, but increased the maximum response and the sensi-
ility to PHE in the TBT groups. These results suggest that the effect
f TBT were dependent on the endothelium and NO.
Our data also suggest a TBT endothelium independent action.
onsidering a reduced SNP and ACh sensitivity response on the
BT group, we would speculate TBT may  act on the smooth muscle
esides endothelium. However, the PHE concentration-response
urves from TBT and Control groups without endothelium were
ot different. It could be interpreted as a partial action of TBT on
he smooth muscle excitation-contraction coupling, important in
he relaxation process but not in the contraction process.
Triorganotins, like TBT, have pleiotropic adverse effects on
oth invertebrate and vertebrate endocrine systems (Grün et al.,
006). The exposure of female rats to TBT results in the devel-
pment of reproductive abnormalities (Grote et al., 2004) and
hanges to serum estradiol levels (Nakanishi et al., 2002). Several
nvestigations have demonstrated the cardioprotective proper-
ies of estrogens (Karas et al., 1999). In isolated rat aortas,
2 has an endothelium-independent, non-genomic vasorelaxant
ffect (Castillo et al., 2006). Nevertheless, E2 enhances constrictor
rostanoid function in female rat aortas by upregulating the expres-
ion of cyclooxygenase -2 (COX-2) and thromboxane synthase
n both endothelium and vascular smooth muscle cells (VSMC)
f the aorta, and by upregulating the expression of endoperox-
de/thromboxane receptor in VSMC (Li et al., 2008). Despite the
revalence of vasoconstrictor prostanoids derived from COX-2 in
ortas from ovariectomized rats, ACh-induced relaxation is main-
ained, most likely as consequence of the positive regulation that
rostanoids exert on endothelial nitric oxide synthase (eNOS) activ-
ty (Martorell et al., 2009).
In the present study, we observed a reduction in serum estrogen
evels and an increase in P4 levels after TBT treatment. In agreement
ith our results, P4 induced the relaxation of KCl-induced contrac-
ion of rat aortic rings, in part due to an endothelial NO-dependent
anner and caused a reduction of vascular tone, most likely due to
lockade of voltage-dependent and/or receptor-operated calcium
hannels (Glusa et al., 1997).Previous studies have shown that alterations in K+ channel func-
ion are possibly involved in the modulation of vascular tone in
ifferent vascular beds (Yeung et al., 2007). However, changes in
ascular reactivity after exposure to low concentrations of TBTLetters 225 (2014) 378–385
have not been previously described. In other physiologic func-
tions, Tang et al. (2010) showed that trimethyltin chloride changes
the renal K+ balance, opening K+ channels in renal intercalated
cells of Sprague-Dawley rats, reducing urine K+ reabsorption and
inducing hypokalemia. In mouse N1E-115 neuroblastoma cells,
none of the tested organotin compounds (TBT, Dibutyltin-DBT and
Triphenyltin-TPT) altered the voltage-dependent K+ current. How-
ever, in human lymphocytes, DBT affects both the peak amplitude
and the time to peak of the K+ current in a concentration-dependent
manner. The increased NO bioavailability could open K+ channels
and contribute to increased negative modulation of the PHE con-
traction We  demonstrated that TEA, potentiated the response to
PHE in aortic segments from both groups, but these effects were
greater in preparations from TBT-treated rats, as demonstrated by
dAUC values. Despite the changes in endothelial factors and vas-
cular smooth muscle cell function, the vasodilatory effects of TEA
were more signiﬁcant and made a greater contribution to the reduc-
tion in the vascular reactivity to PHE. This result suggested that the
NO could be activating the K+ channels at VSMC. (Bolotina et al.,
1994).
The NADPH oxidase family plays a central role in generation of
reactive oxygen species (ROS) in cardiovascular disorders. In rat
thymocytes, Gennari et al. (2000) demonstrated that Di-n-butyltin
dichloride (DBTC) and tri-n-butyltin chloride (TBT) cause oxida-
tive stress and activation of caspases. We  showed that apocynin
(a speciﬁc NADPH oxidase inhibitor) reduced the PHE response in
the aortic rings from both groups, but these effects were greater
in the aortic segments from TBT-treated female rats, as shown by
the dAUC. Apocynin treatment promoted a greater decrease in the
vasoconstrictor response to PHE in the aortic rings of TBT treated
rats than in CONT rats. The O2− level in the thoracic aorta was higher
in the TBT group than in the CONT. This ﬁnding suggested that
TBT exposure led to increased NADPH activity, suggesting that the
oxidative stress induced by the enzyme could reduce NO bioavail-
ability.
Moreover, E2 deﬁciency in cultured mouse vascular smooth
muscle cells was associated with an increase in vascular superox-
ide release and NADPH oxidase activity. E2 replacement prevented
this increase, whereas P4 substitution enhanced ROS production
and NADPH oxidase activity (Wassmann et al., 2005).
The aorta is a capacitance vessel that enables the transforma-
tion of the on/off blood-ﬂow characteristics of the left ventricle
into a smooth no pulsatile blood-ﬂow pattern in more distal vessels
(Safar et al., 1998). Furthermore, large arteries are no longer consid-
ered passive conduits, but rather in terms of their active behavioral
response to the mechanical forces to which they are subjected.
This notion is supported by the fact that cardiovascular diseases
are accompanied by vascular changes that include hypertrophy and
an increase in the diameter of large arteries, in addition to the
concept that the damage to the large arteries is a major factor in car-
diovascular morbidity and mortality. In agreement with these data,
the intimal-medial ratio has emerged as an index of cardiovascular
disease and is generally regarded as a biomarker of atherosclerosis
(Guo et al., 2006). The present study found a reduction in both the
thickness and area of the aortic wall in the treated group. These data
suggest that the exposure to TBT during 15 days may have induced
changes in the aortic morphology associated with impairment in
aortic reactivity, usually observed in chronic process such as aging
hypertension, diabetes mellitus and end-stage renal disease. It has
been previously demonstrated that abnormal collagen deposition
in the aortic arterial wall contributes to increased arterial stiff-
ness (Stevens et al., 1976) and in spontaneously hypertensive rats
(SHR) (Marque et al., 2002). This impairment of aortic morphology
may  be associated with a decrease in the vascular reactivity in our
study, and demonstrates that this xenobiotic could be directly con-
nected to a failure in one or more vascular mechanisms as shown
ology 
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y the increase in collagen deposition along the aortic wall after
BT exposure.
Cardiovascular disorders such as hypertension activate vascular
mooth muscle cells (VSMCs), which are essential contributors to
ascular remodeling (Hayashi and Naiki, 2009). Activated VSMCs
egain their proliferative and migratory capacities, secrete matrix
roteins, and down regulate smooth muscle contractile proteins,
uch as -SMA, smooth muscle 22 (SM22), smooth muscle
yosin heavy chain, and calponin (Owens et al., 2004), as observed
n SHR (Zhang et al., 2010). Our results corroborate these studies,
emonstrating that oral exposure to TBT results in a decrease in
-SMA protein expression in aortic rings. In summary, these ﬁnd-
ngs suggest that a reduction in the reactivity to PHE in aortic rings
ay  be explained by its morphofunctional changes and likely due
o mechanisms dependent on NO bioavailability, K+ channels and
n increase in the vascular oxidative stress after TBT treatment.
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